Neurospheres are widely used to propagate and investigate neural stem cells (NSCs) and neural progenitors (NPs). However, the exact cell types present within neurospheres are still unknown. To identify cell types, we used single-cell mRNA profiling of 48 genes in 187 neurosphere cells. Using a clustering algorithm, we identified 3 discrete cell populations within neurospheres. One cell population [cluster unsorted (US) 1] expresses high Bmi1 and Hes5 and low Myc and Klf12. Cluster US2 shows intermediate expression of most of the genes analyzed. Cluster US3 expresses low Bmi1 and Hes5 and high Myc and Klf12. The mRNA profiles of these 3 cell populations correlate with a developmental timeline of early, intermediate, and late NPs, as seen in vivo from the mouse brain. We enriched the cell population for neurosphere-forming cells (NFCs) using morphological criteria of forward scatter (FSC) and side scatter (SSC). FSC/ SSC high cells generated 2.29-fold more neurospheres than FSC/SSC low cells at clonal density. FSC/SSC high cells were enriched for NSCs and Lewis-X + ve cells, possessed higher phosphacan levels, and were of a larger cell size. Clustering of both FSC/SSC high and FSC/SSC low cells identified an NFC cluster. Significantly, the mRNA profile of the NFC cluster drew close resemblance to that of early NPs. Taken together, data suggest that the neurosphere culture system can be used to model central nervous system development, and that early NPs are the cell population that gives rise to neurospheres. In future work, it may be possible to further dissect the NFCs and reveal the molecular signature for NSCs.
Introduction
N eural stem cells (NSCs) are undifferentiated cells of the central nervous system (CNS), which can self-renew and are multipotent (for recent review see Ref. [1] ). They are present throughout CNS development and are maintained in the adult brain in specific locations. NSCs hold great potential to be harnessed for treatment of neurological diseases [2] and understanding neurodevelopment. During development of the forebrain, neurogenesis occurs first followed by gliogenesis. In rodents, neurogenesis begins at E12 and peaks around E15. Before the onset of neurogenesis, neuroepithelial cells, the primary NSCs, divide symmetrically to expand the NSC pool at the ventricular zone (VZ). At the onset of neurogenesis, the neuroepithelial cells divide asymmetrically to produce radial glial cells (RGCs). Neuroepithelial cells and RGCs are collectively known as the apical progenitors (for recent review see Ref. [3] ). RGCs then migrate into the subventricular zone (SVZ) to produce basal progenitors, which in turn differentiate into neurons. Astrocytes and oligodendrocytes are then formed at around E16 and around birth, respectively [4, 5] . In vivo, neuroepithelial cells and RGCs are widely regarded as NSCs that give rise to the 3 major neural lineages-astrocytes, oligodendrocytes, and neurons.
During the early 1990s, Reynolds and Weiss demonstrated that NSCs can be cultured in vitro in the presence of epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) to form free-floating spherical structures called neurospheres [6] [7] [8] . Apart from NSCs, neural progenitors (NPs) can also give rise to neurospheres [9] . Since the pioneering work of Reynolds and Weiss, neurospheres have been widely used as the main culture system for propagating and studying NSCs. Thus, it is crucial that we have a better understanding of the neurosphere culture system.
A variety of selection criteria have been used to enrich for NSCs from neurospheres. These criteria include (i) Morphological. It has been shown that during fluorescence-activated cell sorting (FACS), NSCs tend to have high values for the parameters forward scatter (FSC), denoting cell size, and side scatter (SSC), denoting cell granularity [10, 11] . (ii) Dye exclusion. It has been demonstrated that the fluorescent DNAbinding dye Hoechst 33342 selects for a cell population termed as the side population that enriches for NSCs [12] . (iii) Surface markers. CD133/prominin and Lewis-X have been widely used to enrich for NSCs [13] [14] [15] [16] . Other candidate NSC markers include syndecan-1, Notch-1, and integrin-beta1 [17] .
The NSC frequency can be defined in vitro as the product of neurosphere-forming units (NFUs, neurospheres/100 cells plated) and the percentage of multipotent neurospheres (as measured under clonal conditions and single nsph differentiation; see Refs. [18, 19] for details). When determining multipotency of a cell giving rise to a neurosphere, it is crucial to ensure that the neurosphere is clonal (derived from that one cell and not from an aggregate of cells/neurospheres). In bulk neurosphere culture, aggregation occurs [20] [21] [22] , which makes it difficult for the neurospheres to remain clonal. Hence, determining multipotency under bulk conditions is not accurate. Louis et al. have recently introduced the big neurosphere assay, where only NSCs are suggested to give rise to neurospheres > 2 mm in diameter when cultured in a collagen-containing semisolid matrix for 3 weeks [23] . Under clonal conditions, NSC frequencies in neurosphere culture have been reported to be between 0.07% and 9% depending on the exact growth conditions [18, 19, 23] .
Even though neurospheres have been widely used to investigate NSCs, the exact identity of the cell types present within neurospheres is unknown. Further, the mRNA profiles that define an NSC or a neurosphere-forming cell (NFC) are also unknown. In this study, we used single-cell mRNA profiling of 48 genes associated with NSCs/NPs to identify cell types in neurospheres. We could delineate 3 cell populations that follow a developmental timeline. One population [cluster unsorted (US) 1] expresses high Bmi1 and Hes5 and low Myc and Klf12. Cluster US2 shows intermediate expression of most genes analyzed. Cluster US3 expresses low Bmi1 and Hes5 and high Myc and Klf12. We then go on to identify an NFC cluster by performing single-cell mRNA profiling after enriching for NFCs using morphological criteria of FSC and SSC. We observe that the NFCs express high levels of mRNAs encoding mitogen receptors, such as fibroblast growth factor receptor 1 (FGFR1), FGFR2, and EGF receptor (EGFR), and transcription factors, such as Hes5 and Gli2, proteins which are implicated in self-renewal and proliferation of NSCs. Finally, we demonstrate that early NPs are the cell population that gives rise to neurospheres, and this population is likely to contain NSCs.
Materials and Methods

Isolation and culturing of NSCs and NPs
All animal experiments were approved by the Biomedical Research Council Singapore, Institutional Animal Care and Use Committee (IACUC), in accordance with national guidelines. NSCs and NPs were isolated and cultured as previously described [18] . Cerebral cortices of E14.5 C57BL/ 6 mouse embryos were excised and triturated into a singlecell suspension. Dissociated cells were seeded at 2 · 10 4 cells/ mL in 10-cm culture dishes (Nunc) in an NSC growth medium [Dulbecco's modified Eagle's medium (DMEM)/nutrient mixture F-12 (1:1) medium (Invitrogen), B27 supplement (Invitrogen), 20 ng/mL EGF (Peprotech), 10 ng/ mL bFGF (Peprotech), and 1% penicillin/streptomycin (Invitrogen)] to grow as neurospheres at 37°C in a 5% CO 2 atmosphere in a humidified incubator. Neurospheres were passaged every 5-7 days.
Single-cell mRNA profiling and data processing A TaqMan assay pool was prepared by adding each of the 48 TaqMan assays (20 · ; Applied Biosystems) to a final concentration of 0.2 · for each assay. Neurospheres were dissociated, and single cells were sorted by FACS directly into 10 mL of RT-PreAmp Master Mix [5 mL CellsDirect 2 · Reaction Mix (Invitrogen), 2.5 mL 0.2 · Assay pool, 0.5 mL SuperScript Ò III RT/Platinum Ò Taq mix (Invitrogen), and 2 mL TE buffer]. Cells were frozen at -80°C and thawed to induce lysis. cDNAs of the 48 genes were generated by sequence-specific reverse transcription (50°C for 20 min) and reverse transcriptase inactivation (95°C for 2 min). Following which, sequence-specific preamplification (18 cycles at 95°C for 15 s and 60°C for 4 min) was performed. The preamplified cDNA was diluted 5-fold and used for single-cell mRNA profiling in 48.48 dynamic arrays on a BioMark system (Fluidigm). Single-cell mRNA profiling was run using the BioMark Data Collection software (Fluidigm), and Ct values were calculated using the BioMark Real-time polymerase chain reaction analysis software (Fluidigm). Cells with a Ct value for the endogenous control b-actin between 15 and 25 were considered for analysis. Ct values for a specific cell were normalized to the endogenous control by subtracting the Ct value of b-actin for the same cell. The assumed baseline Ct value is 31.
Clustering of cells based on their mRNA profile
Cells were clustered using nonmetric multidimensional scaling (nMDS) and Model-Based Clustering (Mclust). After dimension reduction by nMDS, Mclust was performed partitioning cells into clusters. The R-packages neatmap and mclust were used for performing nMDS and Mclust, respectively (for information on nMDS, see Refs. [24, 25] ).
Cell sorting
Dissociated cells were centrifuged, resuspended in phosphate-buffered saline (PBS), and sorting was carried out on an UV FACSAria flow cytometer (BD Biosciences). Viable cells were sorted into an NSC growth medium or RTPreAmp Master Mix.
Neurosphere formation assay
Sorted cells were plated at low density (1 · 10 3 cells/mL in a 24-well plate) and clonal density (1 cell/well in a 96-well plate) and cultured for 7 days to form neurospheres. For lowdensity cultures, the neurosphere number and size were scored automatically using a high-content screening microscope (Zeiss Axiovert) and Metamorph software. For clonal density cultures, the neurospheres were scored manually. For secondary sphere formation, neurospheres derived from control and FACS-sorted cells were harvested, dissociated, replated at low density (1 · 10 3 cells/mL), and grown for 7 days.
Neurosphere differentiation and immunocytochemistry
Single neurospheres were transferred to each well of a 50-well coverglass (Sigma) coated with poly-l-lysine (0.01%; Sigma) and laminin (10mg/mL; Invitrogen). Neurospheres were differentiated for 4 days in a differentiation medium [DMEM/F-12 (1:1) medium (Invitrogen), B27 supplement (Invitrogen), 0.5% fetal bovine serum (Invitrogen), and 1% penicillin/streptomycin (Invitrogen)]. Cells were stained with mouse anti-O4 IgM (1:300; Chemicon), mouse anti-bIIItubulin (Tuj1) IgG 2a (1:500; Covance), and rabbit anti-glial fibrillary acidic protein (GFAP) IgG (1:1,000; Dako). The secondary antibodies used were Alexa-Fluor-488 goat antimouse IgM (1:500; Invitrogen), Alexa-Fluor-594 goat antimouse IgG 2a (1:500; Invitrogen), and Alexa-Fluor-647 donkey anti-rabbit IgG (1:500; Invitrogen). Images were taken using the Olympus point-scanning FV-1000 confocal microscope, and the number of unipotent, bipotent, and tripotent neurospheres was scored.
Timelapse for cell size to neurosphere formation correlation Cells were dissociated from neurospheres and plated at low density (1 · 10 3 cells/mL) in a 96-well plate. Differential interference contrast imaging was used to image cells in each experiment. Images were taken every 2 h at 20 · magnification using a CoolSnap HQ CCD camera over 5 days and analyzed.
Phosphacan immunocytochemistry
FSC/SSC
high and FSC/SSC low cells were plated on coverslips coated with poly-l-lysine and left for at least 1 h to adhere to the coverslips. The primary antibody used was mouse anti-phosphacan (1:10; Millipore), and the secondary antibody used was Alexa-Fluor-488 goat anti-mouse (1:500; Invitrogen). Nuclei were counterstained with 4¢,6¢-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen). The images were captured using a Zeiss AxioVision microscope, and the fluorescence intensity was analyzed using Metamorph software.
Lewis-X staining
Dissociated cells were blocked with 3% bovine serum albumin for 15 min and incubated with anti-Lewis-X antibody (BD Biosciences) tagged with fluorescein isothiocyanate (FITC) for 15 min and washed with PBS. Fluorescence intensity was analyzed using the 3-laser analyzer (BD LSR II).
Statistical analysis
Results are presented as mean -standard deviation (SD). Two-tailed Student's t-test was used as the test for significance where means of 2 groups are compared. One-way ANOVA with post hoc comparisons using Bonferroni test was used for significance where means of more than 2 groups are compared. P values stated in the figures are *P £ 0.05, **P £ 0.01, and ***P £ 0.001.
Results
Single-cell mRNA profiling identifies broadly 3 cell populations in neurospheres: early, intermediate, and late NPs
To investigate the different progenitor subclasses in the neurospheres, we profiled, in parallel, at the single-cell level (Fig. 1) , 48 genes, which include genes from major signaling pathways (Notch, Wnt, and Shh signaling), classes of genes such as POU (Pit1, Oct1, Unc86) factors, and basic helix-loophelix (bHLH) factors that have been closely associated with NSCs (Supplementary Table S1 Supplementary Data are available online at www.liebertpub.com/scd). We profiled a total of 187 cells from passage 2 neurospheres and clustered the cells using nMDS and Mclust. Three cell clusters were derived-US1, US2, and US3 ( Fig. 2A) . The percentage of total cells in cluster US1, US2, and US3 was 9.7%, 65.6%, and 24.7%, respectively.
We sought the identity of the 3 clusters based on their mRNA profiles. To better visualize the mRNA profile of each of the clusters, a heatmap was ordered from the expression data (Fig. 2B ). Bar plots showing the genes that were significantly expressed at a higher or lower level in a specific cluster compared to the other 2 clusters combined were derived from the expression data (Fig. 2C) .
Previously, Kawaguchi et al. used single-cell mRNA profiling to characterize the different progenitor subclasses that exist in vivo in the embryonic mouse brain [26] . They identified 3 groups of progenitors-apical progenitors, young basal progenitors, and basal progenitors. The apical and young basal progenitors reside in the VZ and are at an early stage of development. From their data, the apical progenitors on average had high expression of NSC/RGC markers such as Musashi1 and BLBP, Notch signaling-related genes such as Notch1 and Hes5, FGF signaling-related genes such as FGFR2, and Hedgehog signaling-related genes. The young basal progenitors had a strikingly high expression of the Delta signal Dll1. NSC/RGC markers, Notch, FGF, and Hedgehog signaling-related factors are critical in maintaining the apical and young basal progenitors in their early undifferentiated state, and Delta signals maintain neighboring progenitors at their early developmental stage. From our data, we observed that similar to the apical and young basal progenitors, cluster US1 had high expression of Musashi1, BLBP, Notch1, Hes5, and FGFR2; Hedgehog signaling-related genes such as Gli1 and Gli2; and Delta signals Dll1 and Dll3 (Fig. 2B, C ). This suggests that cluster US1 comprises of cells similar to the apical and young basal progenitors and is likely to be at an early stage of development. Cluster US1 also had high expression of NSC-related genes such as Bmi1, POU3f2, and Prominin1. Knockout and knockdown studies have shown that Bmi1 is critical for NSC self-renewal and maintenance of the NSC pool in vitro and in vivo [27] [28] [29] [30] [31] . POU3f2 has been implicated in repression of NSC differentiation [32, 33] , and Prominin1 has been shown to enrich for NSCs [16] . Since NSCs are the earliest cells during development, it further supports that cells in cluster US1 are at an early stage of development.
Several genes such as Bmi1, Hes5, POU3f2, Gli1, Gli2, and BLBP, which were expressed at a higher level in cluster US1, were expressed at a lower level in cluster US3, and genes such as Myc and Klf12, which were expressed at a lower level in cluster US1, were expressed at a higher level in cluster US3 Each row represents one cell, and each column represents one gene. Genes under the P < 0.05 section are genes that show a statistically significant change in expression in cluster US1 compared to clusters US2 and US3 combined. (C) Bar plots showing a log 2 -fold change in gene expression for genes that show significant change in expression (P < 0.05) in a cluster in comparison with the remaining clusters combined. nMDS, nonmetric multidimensional scaling; US1, unsorted 1.
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( Fig. 2B, C) . Thus, it seems that cluster US3 has a near opposite profile to that of cluster US1. In addition, cluster US3 had low expression of Pax6, whose expression has been shown to decrease over development when RGCs divide to form intermediate progenitor cells [34] . Taken together, our data suggest that cells in cluster US3 are at a later stage of development. Cluster US2 seems to adopt characteristics of cluster US1 in its high expression of Bmi1 and Hes5 and low expression of Klf12 and characteristics of cluster US3 in its high expression of Myc (Fig. 2B, C) . Moreover, cluster US2 showed significant changes in only 9 genes compared to cluster US1 and US3 combined. This indicates that many of the other genes are probably expressed at an intermediate level compared to clusters US1 and US3. Therefore, cells in cluster US2 are likely to be cells transiting between clusters US1 and US3 and could be at an intermediate stage of development. In essence, single-cell mRNA profiling of cells from neurospheres indicates the presence of 3 progenitor subclasses, which follow a developmental timeline-early, intermediate, and late.
To test whether the differences in mRNA levels are due to actual differences between clusters or due to stochastic noise, we used violin plots to analyze the expression data (Supplementary Fig. S1 ). A multimodal distribution in these plots indicates gene expression differences between clusters, whereas stochastic noise exhibits a unimodal distribution. The plot for b-actin is unimodal, indicating little variation between the cells, whereas the plots for genes such as Bmi1 and Hes5 are multimodal, indicating clusters with distinct expression of these genes.
Derivation of suitable populations to identify an NFC cluster
We sought to identify which of the 3 developmental subclasses, early, intermediate, or late, gives rise to neurospheres (ie, NFC cluster). The percentage of NFCs in the unsorted population is 4.88% at low density and 14.6% at clonal density (Fig. 3E, F) . The reason why a lower percentage of NFCs is obtained at low density is unclear, although cell aggregation at low density may be a contributory factor. At both densities, NFCs are not well represented in the unsorted population, and thus using this population to detect an NFC cluster would be difficult. Instead, a population with increased neurosphere-forming potential should help identify an NFC cluster. Earlier studies have shown enrichment of NSCs based on cell size and granularity [10, 11] . Therefore, we used morphological criteria of FSC (cell size) and SSC (granularity) to derive a population with increased neurosphere-forming potential. Gates were set up to classify passage 2 cells as FSC/SSC high or FSC/SSC low cells, and these gates were used consistently for all subsequent experiments (Fig. 3A) . Using the FSC/SSC profile, only singlets were gated and used for all experiments (Fig.  3B, C) . We observed that majority of neurosphere cells were FSC/SSC low cells (*75.2%), and a small percentage was FSC/SSC high cells (*4.6%) (Fig. 3D ).
FSC/SSC high population is enriched for NFCs
From the neurosphere formation assay (NFA), the percentage of NFCs was greater in the FSC/SSC high population (11.91% -2.03%) than that in the FSC/SSC low population high and FSC/SSC low population based on total live-cell population (mean -SD; n = 5; ***P £ 0.001). (E) Neurosphere-forming potential expressed as NFU, which refers to the number of neurospheres formed per 100 cells plated. NFA was done at low density (1000 cells/mL) (mean -SD; n = 5; ***P £ 0.001) and (F) at clonal density (1 cell/well) after sorting cells into FSC/SSC high and FSC/SSC low populations (mean -SD; n = 4; *P £ 0.05). (G) Fold difference in neurosphere formation for FSC/SSC high compared with FSC/SSC low cells or unsorted cells at low and clonal density (mean -SD; n ‡ 4). FSC, forward scatter; SSC, side scatter; E, embryonic day; NFU, neurosphereforming unit; NFA, neurosphere formation assay; SD, standard deviation.
(4.07% -1.15%) and the unsorted population (4.88% -0.50%) at low density (Fig. 3E) . At low density, cell aggregation may occur, which would complicate neurosphere counting. To avoid the problem of aggregation, the NFA was also done at clonal density (1 cell/well). Similar to at low density, the percentage of NFCs was greater in the FSC/SSC high population (31.3% -7.79%) than that in the FSC/SSC low population (15.2% -4.71%) and the unsorted population (14.6% -5.25%) at clonal density (Fig. 3F) . There was thus a 2.29-fold and a 2.54-fold higher neurosphere formation in the FSC/SSC high population compared to the FSC/SSC low population and unsorted population, respectively, at clonal density (Fig. 3G) .
Characterization of FSC/SSC-sorted populations
Specific features of the FSC/SSC-sorted populations were investigated, and the following characteristics were observed: (i) the FSC/SSC high cells have on average a larger cell size than the FSC/SSC low cells (Fig. 4A) . We also observed that larger cells tend to lead to higher NFU than smaller cells (Fig. 4B). (ii) We analyzed expression of 2 surface molecules closely associated with NSCs-phosphacan [19, 35, 36] and Lewis-X [13, 15] . The average expression of phosphacan (Fig.  4C, D) and Lewis-X (Fig. 4E, F) (Fig. 4E) . (iii) NSC characteristics: (a) the FSC/ SSC high population gave rise to a lower percentage of small neurospheres ( < 50 mM) and seemingly a higher percentage of large spheres ( > 50 mM) than the FSC/SSC low population (Fig. 5A) , indicating greater proliferation ability. (b) Secondary neurosphere formation was significantly higher in the FSC/SSC high population than that in the FSC/SSC low and unsorted population, indicating greater self-renewal potential in the FSC/SSC high population (Fig. 5B) . (c) A higher percentage of neurospheres from the FSC/SSC high cells were multipotent compared to the FSC/SSC low cells (Fig. 5C, D) . (d) The NSC frequency, calculated as a product of the NFU at clonal density and percentage of multipotent neurospheres [18, 19] , was higher in the FSC/SSC high population (5.36% -1.46%) than that in the FSC/SSC low population (1.26% -1.34%) and the unsorted population (0.82% -0.87%) (Fig. 5E) . Taken together, the data show that the FSC/SSC high population is enriched significantly for NSCs.
Single-cell mRNA profiling of FSC/SSC-sorted cells identifies an NFC cluster
We performed single-cell mRNA profiling on near equal numbers of passage 2 FSC/SSC high cells (170 cells) and passage 2 FSC/SSC low cells (181 cells), combined the expression data, and clustered the cells. nMDS clustering revealed 3 clusters-S (sorted) 1, S2, and S3 (Fig. 6A ). Heatmap and expression bar plots derived from the expression data showed that 35 genes were significantly expressed at a higher or lower level in cluster S1 compared to clusters S2 and S3 combined (Fig. 6B, C) . Violin plots show that the differences in mRNA levels between clusters are not due to stochastic noise ( Supplementary Fig. S2 ). Cluster S1 had high expression of mitogen-related genes such as FGFR2, FGFR1, and EGFR, Notch signaling-related genes such as Hes5, Hes1, and Jag1, Hedgehog signaling-related genes such as Gli1 and Gli2. Cluster S1 also had low expression of Myc, Olig1, and Olig2. Interestingly, cluster S1 had high expression of some NSC-related genes such as GLAST and BLBP and low expression of other NSC-related genes such as Musashi1 and Nestin. Cluster S2 had high expression of certain early developmental genes such as Dll1 and Dll3 and had low expression of other early developmental genes such as Hes5 and FGFR2. Cluster S3 had low expression of certain early developmental genes such as Dll1, Dll3, and Pax6 and had high expression of Myc. The FSC/SSC high population had a 2.29-fold higher NFC percentage than the FSC/SSC low population at clonal density (Fig. 3G) . If all the NFCs from the FSC/SSC high and FSC/ SSC low population were to fall in 1 cluster (ie, NFC cluster), the ratio of FSC/SSC high to FSC/SSC low cells in this cluster would be about 2.29. We therefore checked the ratio of FSC/ SSC high to FSC/SSC low cells in the 3 clusters and found that cluster S1 had a ratio of 2.1 compared to clusters S2 and S3, which had a ratio of 0.53 and 1.15, respectively (Fig. 7A) . This suggests that cluster S1 is most likely the NFC cluster. Further analysis revealed that 25.9% of all FSC/SSC high cells and 12.1% of all FSC/SSC low cells analyzed fell in cluster S1 (Fig. 7A) . These percentages fit well with the percentage of NFCs in the FSC/SSC high cells (31.3%) and FSC/SSC low cells (15.2%) derived from the NFA (Fig. 3F) . On the other hand, the percentages obtained from clusters S2 and S3 did not fit well with the data from the NFA. We also analyzed the likelihood that cluster S1 is formed by chance. Random clustering of FSC/SSC high and FSC/SSC low cells was performed several times, and the resultant distribution curve showed that the likelihood of obtaining a cluster with the FSC/SSC high to FSC/SSC low ratio 2.1 by chance is not statistically significant (Fig. 7B) . Our data strongly suggest that cluster S1 is the NFC cluster.
Cluster S1 cells are early NPs
We tried to determine the developmental profile of cluster S1 cells by mapping cluster S1 cells onto the early, intermediate, and late cells from the unsorted population (Fig. 7C) . Most, if not all of cluster S1 cells mapped closely to the early cell cluster (cluster US1), indicating that cluster S1 comprises of early NPs. Cluster S2 cells mapped onto both the early and the intermediate clusters, whereas cluster S3 cells mapped onto the early, intermediate, and late clusters.
Since cluster S1 comprises of early NPs, we deduced that NFCs are early NPs. We validated this deduction through single-cell mRNA profiling of passages 2 and 5 neurosphere cells. Passage 2 cells are assumed to have more early NPs than passage 5 cells, which develop across their longer time in culture. Single-cell mRNA profiling revealed that 8 genes (Jag1, Hes1, GLAST, REST, Nestin, Tead2, FGFR1, and Bystinlike) were expressed at a higher level by at least 1.3-fold in passage 2 cells compared to passage 5 cells (Fig. 7D) . Similarly, 6 of these genes (Jag1, Hes1, GLAST, REST, Tead2, and FGFR1) were also expressed at a higher level in cluster S1 (Fig. 6C) , highlighting similar gene expression patterns in passage 2 cells (enriched with early NPs) and cluster S1 cells (proposed NFCs). In addition, passage 2 cells have a significantly higher neurosphere formation than passage 5 cells, suggesting that the higher neurosphere formation could be due to the enrichment of early NPs in passage 2 cells (Fig. 7E) .
Discussion
Neurospheres derived from the mouse brain have been used to follow NSC behavior. To investigate the progenitor subclasses present in neurospheres, we performed single-cell mRNA profiling of 48 genes in individual passage 2 cells derived from E14.5 mouse neurospheres. We show that there are broadly 3 progenitor subclasses-clusters US1, US2, and US3. In a recent study, single-cell mRNA profiling of 11 genes on adult mouse neurosphere cells did not detect any subpopulations within the neurospheres [37] . However, it has to be noted that only few of the genes profiled were NSC-/NP-associated genes and that could be a reason why no subpopulation was detected. Here we profiled 48 genes associated with NSCs/NPs, and the finding that there are at least 3 progenitor subclasses makes this as the first study that shows the cellular makeup of neurospheres.
Previous studies have performed single-cell mRNA profiling on primary cells directly derived from the brain, hence focusing on in vivo expression dynamics of NPs [26, [38] [39] [40] . Single-cell mRNA profiling showed that primary cells from the mouse embryonic brain can be classified into apical, young basal, and basal progenitors [26] . The apical and young basal progenitors reside in the VZ and are at an earlier stage of development, whereas the basal progenitors reside in the SVZ and are at a later stage of development. Cluster US1 had a similar mRNA profile as the apical and young basal progenitors in its high expression of Hes5, Musashi1, FGFR2, BLBP, Notch1, Gli2, and Dll1. These genes are critical in maintaining early progenitors, suggesting that cluster US1 is at an early developmental stage. On the other hand, cluster US3 had a similar mRNA profile as the basal progenitors in its low expression of Hes5, Pax6, and BLBP, indicating that this cluster is at a late developmental stage. Cluster US2 seems to be a transition cluster between clusters US1 and US3. Therefore, similar to the in vivo subclasses, the in vitro subclasses each seems to define a developmental timepoint. This would give valuable insights into the dynamics of gene regulation and the functions of genes that are not well studied in the context of CNS development. The resemblance of the neurosphere progenitor subclasses to the in vivo progenitor subclasses demonstrates that the neurosphere makeup reflects CNS development, and therefore can be used to model it. Neurosphere-forming potential expressed as NFU, which refers to the number of neurospheres formed per 100 cells plated. NFA was done at clonal density (1 cell/well) after FACS sorting passage 2 and passage 5 cells (mean -SD; n = 4; ***P £ 0.001).
The proportion of cells in cluster US2 (65.6%) is higher than that in cluster US1 (9.7%) and US3 (24.7%). It could be possible that the rate of transition from early to intermediate developmental cells is faster than the rate of transition from intermediate to late developmental cells, resulting in accumulation and greater proportion of intermediate cells.
A key observation in our work is that the early progenitor cluster had high expression of genes associated with the Notch pathway such as Notch1, Hes5, Musashi1, Dll1, and Dll3. The intermediate progenitor cluster seems to lose Notch1 expression, and the late progenitor cluster had low expression of the Notch effector Hes5 and failed to have high expression of any of the Notch pathway-related genes. This indicates that the Notch-signaling pathway is critical in maintaining the early progenitor subclass, and loss of Notch signaling probably converts the early progenitors to intermediate and then to late progenitors. This corroborates well with the in vivo scenario where loss of Notch signaling converts apical progenitors to basal progenitors [26] . This further suggests that neurospheres can reflect the in vivo signaling dynamics, a criterion for a good CNS model.
Another key observation in our work is that among all the genes analyzed, Bmi1, Hes5, Klf12, and Myc were 4 genes that showed the most drastic difference in expression between the early and late progenitors. Studies have shown that the first 2 genes Bmi1 [27] [28] [29] [30] [31] and Hes5 [41] are critical for NSC maintenance. These studies suggest that downregulation of these 2 genes promotes maturation of the early progenitors to late progenitors. This supports our data, as Bmi1 and Hes5 expression decreased from early to late progenitors. The third gene Klf12 is a transcription factor that represses expression of AP-2 alpha protein, which in turn plays a role in neural tube development [42, 43] . The early progenitors had low expression of Klf12 and possibly high expression of AP-2, which perhaps maintains the early progenitor pool. The fourth gene Myc is known to regulate neural precursor cell fate, cell cycle, and metabolism [44, 45] . Since our data show that Myc expression increased from early to late progenitors, Myc could possibly be involved in maturation of NPs. This is consistent with a recent study that showed that brains from Myc knockout mice lack specific mature neuronal subtypes [44] . Overall, we propose that expression levels of Bmi1, Hes5, Myc, and Klf12 can reflect whether a cell is an early or late NP in vitro. Intriguingly, it could be possible that these 4 genes may regulate each others' expression to drive maturation of an early NP to a late NP.
Simultaneous analysis of multiple genes allows us to study NSC/NP behavior, since behavior is likely to be regulated by many genes. To position single-cell mRNA profiling in the context of NSC/NP behavior, we tried to identify an NFC cluster. We used cell size (FSC) and cell granularity (SSC) to derive 2 populations with different neurosphere-forming potential-the FSC/SSC high population having a higher neurosphere-forming potential than the FSC/SSC low population. Through time-lapse imaging, we observed that more neurospheres are formed from cells of larger sizes. This suggests that the increased cell size of the FSC/SSC high population partly contributes to its increased neurosphere formation as compared to the FSC/SSC low population.
Compared to the FSC/SSC low cells, the FSC/SSC high cells had higher expression of phosphacan and Lewis-X, 2 surface molecules associated with NSCs [13, 15, 19] . Furthermore, the FSC/SSC high cells showed higher proliferation, self-renewal capacity, and multipotency than the FSC/SSC low cells. We also found that there is about a 4.3-fold enrichment of NSCs in the FSC/SSC high population compared to the FSC/SSC low population. These data are consistent with previous studies that show that cell size, granularity, and Lewis-X selection can be used to enrich for NSCs [10, 11, 13, 15] . Single-cell mRNA profiling of the FACS-sorted populations gave rise to 3 clusters-cluster S1, S2, and S3. By comparing the percentage of FSC/SSC high and FSC/SSC low cells in each cluster with the percentage of NFCs in the FSC/ SSC high and FSC/SSC low population, we propose cluster S1 as the NFC cluster. The mRNA profile of cluster S1 shows that this cluster is highly mitogen responsive, as it had high expression of FGFR1, FGFR2, and EGFR. In addition, cluster S1 also had high expression of the Notch effectors Hes5 and Hes1 [41, 46, 47] and Sonic Hedgehog signaling-related proteins Gli1 and Gli2 [48] [49] [50] [51] [52] , all of which are known to induce NSC/NP proliferation. High expression of these genes enables the cluster S1 cells to acquire high proliferative potential and allows these cells to initiate formation of a neurosphere.
Cluster S1 most closely matched the mRNA profile of early NPs, suggesting that early NPs give rise to NFCs. Both early NPs and cluster S1 cells had high expression of FGFR2, Hes5, POU3f2, Gli1, Gli2, BLBP, Sox6, Endoglin, and Ybx1 and low expression of Myc. Moreover, Olig1 and Olig2, genes expressed in mature progenitors committed to oligodendrogliogenesis, were expressed at a lower level in cluster S1. Furthermore, we found that passage 2 cells, which are enriched with early NPs, are also enriched with NFCs and had greater similarity to the mRNA profile of NFCs compared to passage 5 cells.
Our work has provided a clear insight into the distinct subclasses of NPs in neurospheres and their association with different stages of development and behavior in culture. In future studies, the following issues could be addressed using the tools developed here: (i) Using neurospheres to model CNS development. The presence of early, intermediate, and late NPs suggests that developmental timeline is being followed in vitro. Studying the mechanisms of how early NPs develop into late NPs in neurospheres and the interaction between the different progenitor subclasses could help us understand the intricacies of CNS development. (ii) Identification of an NSC cluster. From our data, the percentage of NSCs in the FSC/SSC high population is only 5.36%. We have found novel NSC markers that along with Lewis-X enrich NSCs to *80% (M. Yu and S. Ahmed, unpublished data). Single-cell mRNA profiling of this enriched population could help derive the molecular signature for NSCs. Deciphering the molecular signature of NSCs could be pivotal in understanding the key genes that define an NSC and the regulatory mechanisms and signaling pathways that maintain a cell as an NSC. (iii) Function of novel genes important for NSCs. For instance, the proposed NFC cluster (cluster S1) has high expression of genes such as Nfia and Tead2. Although transgenic mice with deficiency of these genes show malformations of the developing brain and neural tube defects, the roles of Nfia and Tead2 in maintenance of NSCs are not known and could be investigated [53, 54] .
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Conclusion
Neurospheres are composed of 3 major subclasses of NPs, each representing a developmental stage: early, intermediate, and late. The close relationship of these subclasses to ones directly derived from the brain indicates that neurospheres could be used to model embryonic CNS development. We also identified an NFC cluster and propose that early NPs are the cell population that gives rise to neurospheres. Lastly, NSCs are likely to be a subpopulation of the NFC cluster, and thus if we can increase their representation within the population, we should be able to identify NSCs definitively in vitro.
